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The formation of a lipoprotein membrane within specialized areas of the cytoplasm is the first visible step in poxvirus
morphogenesis. The A17L viral protein, an essential nonglycosylated membrane component, was predicted to have four
centrally located a-helical membrane-spanning domains. The gene was expressed as a 23-kDa protein in a cell-free
transcription/translation system containing canine pancreatic microsomes. The N- and C-terminal ends of the membrane-
associated protein were susceptible to proteinase digestion, whereas the central region was resistant, consistent with a
model in which the first and fourth hydrophobic domains are membrane spanning. This topology was supported by the sizes
of the major proteinase-resistant membrane-associated products of genes containing one or more deleted hydrophobic
domains and by evidence that the C-terminus was intraluminal and glycosylated on deletion of the second, third, and fourth
domains, the third and fourth domains, or just the fourth domain. Moreover, glycosylation also occurred when an N-
glycosylation site was introduced into the second hydrophobic domain of the full-length A17L protein. The data indicated a
predominant topology in which the N- and C-termini are cytoplasmic, the first and fourth hydrophobic domains span the
microsomal membrane, and the second and third hydrophobic domains are intraluminal. This arrangement has important
implications for interactions of the A17L protein with other membrane components.
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aINTRODUCTION
Vaccinia virus is a large enveloped virus belonging to
he Poxviridae family that has a double-stranded DNA
enome encoding nearly 200 proteins, of which half may
e virion components (Essani and Dales, 1979; Moss,
996). The assembly of vaccinia virions occurs in the
ytoplasm: the first characteristic viral structures are
rescent-shaped membranes that develop into spherical,
mmature virions and subsequently into dense, brick-
haped, infectious intracellular mature virions (Dales
nd Siminovitch, 1961). Some of the mature virions are
rapped by membrane cisternae, derived from the trans-
olgi network, to form the intracellular enveloped virions
Hiller and Weber, 1985; Schmelz et al., 1994). Actin tails
ransport some of the wrapped virions to the periphery of
he cell, where they become associated with microvilli
Cudmore et al., 1995; Hiller et al., 1981; Stokes, 1976),
hereby enhancing cell-to-cell virus spread (Roper et al.,
998; Sanderson et al., 1998; Wolffe et al., 1997, 1998).
wo types of extracellular virions have been recognized:
he cell-associated enveloped virions (Blasco and Moss,
992), some of which are associated with microvilli, and
he released extracellular enveloped virions responsible
or long-range virus dissemination (Payne, 1980).
The mechanism of formation of viral membranes is
oorly understood. Electron micrographs originally sug-
1 To whom reprint requests should be addressed. Fax: (301) 480-
b147. E-mail: bmoss@nih.gov.
347ested that the crescent membranes and their precur-
ors that form in the presence of rifampicin are com-
osed of a single lipid bilayer that is unconnected to any
ellular organelle (Dales and Mosbach, 1968; Grimley et
l., 1970). More recently, Sodeik et al. (1993) reported that
he crescent and IV envelopes are composed of two
losely apposed membranes that are derived from the
ellular intermediate compartment that connects the en-
oplasmic reticulum to the Golgi network. Additional
upport for this model came from the colocalization of
everal viral membrane proteins (A17L, A14L, and A13L)
ith intermediate compartment markers (Krijnse-Locker
t al., 1996; Salmons et al., 1997). However, the latter
odel of viral membrane biogenesis has been chal-
enged by Hollinshead et al. (1999), who measured the
idth of the crescent and immature virion membranes
nd concluded that each is composed of a single lipid
ilayer with no discernible continuity to cellular mem-
ranes.
At least four viral proteins, F10L, A17L, A14L, and D13L,
re needed for assembly of the characteristic spicule-
overed crescent membranes. F10L is a protein kinase
hat is packaged in vaccinia virions (Lin and Broyles,
994). The importance of this enzyme for morphogenesis
ame from studies with a conditional lethal mutant; viral
embranes did not form in cells infected at the nonper-
issive temperature (Traktman et al., 1995; Wang and
human, 1995). Segments of A17L and A14L are associ-
ted with the concave surface of immature virion mem-
ranes (Betakova et al., 1999; Krijnse-Locker et al., 1996;
0042-6822/99
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348 BETAKOVA, WOLFFE, AND MOSSodrı´guez et al., 1996, 1997; Wolffe et al., 1996). When the
17L gene was repressed, the characteristic viral mem-
ranes were not detected (Rodrı´guez et al., 1995); in-
tead, there were numerous small vesicles adjacent to
ranular masses (Wolffe et al., 1996). These vesicles or
ubules were shown to contain A14L (Rodriguez et al.,
997). Segments of D13L are also exposed on the con-
ave surface of crescents (Krijnse-Locker et al., 1996),
nd repression of the gene results in the formation of
rregular viral membranes lacking spicules (Zhang and
oss, 1992) that mimic the structures formed in the
resence of the drug rifampicin (Grimley et al., 1970;
oss et al., 1969; Nagayama et al., 1970). When expres-
ion of the A14L gene was repressed, aberrant crescent
embranes formed, suggesting that the protein func-
ions at a later stage than that of D13L (Rodriguez et al.,
998).
Biochemical studies provided evidence for interac-
ions among A17L, A14L, F10L, and other viral proteins.
isulfide-linked A17L dimers form a stable complex with
rimers of A27L (Rodriguez et al., 1993) and dimers of
14L (Rodriguez et al., 1997). A17L is post-translationally
leaved near the N- and C-termini (Betakova et al., 1999;
odriguez et al., 1993; Takahashi et al., 1994), within an
GX consensus motif previously identified as a cleavage
ite for other vaccinia viral structural proteins (Whitehead
nd Hruby, 1994). The C-terminal cleavage occurs during
iral morphogenesis (Betakova et al., 1999). Both A17L
nd A14L are phosphorylated directly or indirectly by the
10L kinase, providing a role for the latter enzyme in
nvelope formation (Betakova et al., 1999).
Determination of the membrane topologies of the viral
roteins is basic to understanding their interactions as
ell as the mode of formation of the immature virions.
17L, A14L, and A13L each has hydrophobic domains
ong enough to span a membrane, and in vitro transcrip-
ion/translation studies have shown that they can asso-
iate with membranes (Krijnse-Locker et al., 1996; Sal-
ons et al., 1997). The N- and C-terminal epitopes of the
17L protein and a C-terminal epitope of the A13L pro-
ein are cytoplasmically oriented. The inability to produce
ntibodies to regions other than the N- and C- terminal
nds of the A17L protein, however, have prevented fur-
her analysis of the orientation of this protein in viral
embranes. Here, we provide evidence from in vitro
tudies that A17L is an integral membrane protein with a
redominant topology in which there are two membrane-
panning domains.
RESULTS
xpression of the A17L protein in a cell-free
ranscription/translation system supplemented
ith microsomal membranes
The A17L gene contains an open reading frame
ORF) of 203 amino acids with four putative a-helical mydrophobic membrane-spanning domains (amino ac-
ds 61–77, 81–98, 113–138, and 141–161) predicted by
he PHDhtm secondary structure analysis program
Rost et al., 1994) and one potential N-glycosylation
ite near the C-terminus (Figs. 1A and 1B). These
tructural features, together with evidence that the N-
nd C-terminal ends of the A17L protein are cytoplas-
ically oriented, led Krijnse-Locker et al. (1996) to
avor the four-transmembrane model shown in Fig. 1C.
everal alternative two-transmembrane models also
etain the cytoplasmic orientation of the N- and C-
ermini. One of these, in which the first and fourth
ydrophobic domains traverse the membrane, is de-
icted in Fig. 1C. An additional possibility, not ex-
luded from previously reported data (Krijnse-Locker
t al., 1996), is that the A17L protein associates with
embranes cotranslationally but is not translocated.
Cell-free transcription/translation systems supple-
ented with microsomal membrane (MM) vesicles pro-
ide a useful approach to determine the topology of
embrane proteins (Blobel and Dobberstein, 1975;
hang et al., 1993; Zhang and Ling, 1991). Accordingly,
he A17L ORF was placed adjacent to a bacteriophage
7 promoter and expressed as a 23- to 25-kDa 35S-
ethionine-labeled polypeptide in an in vitro transcrip-
ion/translation system. The mobility on SDS–PAGE
greed with the mass of 23 kDa calculated from the
redicted amino acid sequence. In some autoradio-
raphs, the protein could be resolved as a doublet as
eported by Krijnse-Locker et al. (1996). When translation
as carried out in the presence of MM, much of the A17L
rotein sedimented with the membrane fraction and re-
ained membrane associated after incubation in
a2CO3 at pH 11 (Fig. 2, lane 2), although some was in
he supernatant (Fig. 2, lane 1). The slight difference in
he mobilities of the A17L protein derived from the su-
ernatant and membrane fractions was attributed to dif-
erences in the salt concentrations of the samples be-
ause it was not seen when the proteins were immuno-
recipitated before electrophoresis. Different lots of MM
aried in their translocation efficiency, and increasing the
mount of MM was counterproductive because it se-
erely inhibited expression (data not shown).
Endoglycosidase F/peptide-N-glycosidase F (Endo
/PNGase F) digestion in the presence of nonionic de-
ergent failed to alter the mobility of the membrane-
ssociated A17L polypeptide (compare Fig. 2, lanes 2
nd 3), indicating that the single potential N-glycosyla-
ion site of the A17L protein (Fig. 1, underlined amino
cids 169–171) was unglycosylated. The activity of Endo
/PNGase F is documented in a subsequent figure. Be-
ause glycosyltransferases are intraluminal, the ab-
ence of glycosylation was consistent with the cytoplas-
ic location of the C-terminus.
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349VACCINIA VIRUS ENV PROTEIN MEMBRANE TOPOLOGYroteinase K digestion of membrane-bound
17L protein
Further information regarding the membrane orienta-
ion of the A17L protein was obtained by digestion with
roteinase K, a highly active serine protease with broad
pecificity. In membranes, however, only segments that
re cytoplasmically disposed should be susceptible to
igestion. With the four-membrane-spanning model for
he A17L protein, the N- and C-terminal tails (amino acids
–60 and 161–203) and the predicted cytoplasmic loop
amino acids 99–117) between the second and third
embrane-spanning domains (Fig. 1C) could be suscep-
FIG. 1. Predicted structure of the vaccinia virus A17L protein. (A) The
omains by the PHDhtm secondary structure program indicated in bol
lot. C. The four-transmembrane (4TM) and one two-transmembrane (ible to digestion so that the largest resistant fragment dould be 2.3 kDa. With the two membrane-spanning
odels, only the N- and C-terminal segments would be
ytoplasmic, but the lengths of these would depend on
hich two hydrophobic domains crossed the membrane.
he largest resistant fragment, 11.5 kDa, should occur if
he first and fourth hydrophobic domains were mem-
rane spanning (Fig. 1C) because in the other models, a
arger portion of the polypeptide would be cytoplasmic.
lternatively, the A17L protein might be completely sen-
itive to proteinase digestion if it were entirely associ-
ted with the cytoplasmic face of the membrane.
The apparent sizes of the resistant products were
RF is shown with amino acids predicted to form membrane-spanning
tential N-glycosylation site is underlined. (B) Kyte-Doolittle hydropathy
odel are depicted. Heavy bars represent hydrophobic domains.A17L O
d. A poetermined by SDS–PAGE and compared with the sizes
p
p
S
d
a
m
o
a
a
m
d
c
s
4
d
b
;
a
1
o
b
f
n
s
t
b
o
m
a
a
m
t
9
m
t
w
m
e
r
t
c
a
a
d
h
l
p
a
3
p
i
s
p
t
t
T
a
m
i
m
t
w
d
E
m
p
O
b
p
t
B
s
a
t
g
p
a
A
m
(
f
F
p
K
s
A
m
a
o
350 BETAKOVA, WOLFFE, AND MOSSredicted if cleavage occurred at the membrane–cyto-
lasmic junctions in the different topological models.
ome differences between the experimental and pre-
icted values would be expected, however, due to cleav-
ge slightly distal to the membrane or to anomalous
igration of hydrophobic peptides. The major product
btained by proteinase K digestion of the membrane-
ssociated protein was ;15 kDa (Fig. 2, lane 4). The
ddition of nonionic detergent before proteinase treat-
ent resulted in more complete digestion (Fig. 2, lane 5),
emonstrating that the 15-kDa segment was not intrinsi-
ally proteinase resistant. To enhance the detection of
maller products, the digestion time was varied from 1 to
0 min and Tricine gels were used for analysis. At all
igestion times, the 15-kDa band was the major product,
ut after 5 min, there also was a discrete minor band of
11 kDa as well as a diffuse minor band that migrated
head of the 2.5-kDa marker (data not shown). The 11- to
5-kDa products are close in size to those expected if
nly the first and fourth hydrophobic domains were mem-
rane spanning. The ,2.5-kDa product could be derived
rom some molecules that have four membrane-span-
ing domains; however, similar size products were also
een when non-membrane-bound A17L was digested.
Antibodies to N- or C-terminal peptides reacted with
he A17L protein synthesized with or without mem-
ranes, but neither reacted after proteinase K digestion
FIG. 2. Analysis of cell-free transcription/translation products of the
17L ORF. Translation was performed in the presence of MM. The
ixture was sedimented, and the supernatant (lane 1) or washed pellet
lanes 2–5) fractions were analyzed. Before SDS–PAGE, the membrane
ractions were treated for 3 h at 37°C with Nonidet P-40 and Endo
/PNGase F (PNG; lane 3) or for 2 min at room temperature with
roteinase K (pK; lane 4) or with Triton X-100 (T-X-100) and proteinase
(lane 5). The amounts of lysate applied to the gel were 1.5 ml for the
upernatant (lane 1) and 5 ml for the membrane fractions (lanes 2–5).
n autoradiograph is shown with the positions of standard mass
arkers on the left. S and M-A refer to the supernatant and membrane-
ssociated fractions recovered after centrifugation of reactions carried
ut with MM, respectively.f the membranes (not shown), supporting their cytoplas- 1ic location as previously reported by Krijnse-Locker et
l. (1996). Further characterization of the 15-kDa protein-
se-resistant fragment was difficult because attempts to
ake antibody even to the most hydrophilic region within
he central portion of the A17L protein, amino acids
9–117 predicted to form the cytoplasmic loop of the four
embrane-spanning model, were unsuccessful. We
herefore engineered a recombinant A17L protein in
hich segment TQMYRGGNG of the predicted cytoplas-
ic loop was replaced with YPYDVPDYA from the influ-
nza hemagglutinin protein for which an antibody al-
eady existed. Transcription/translation studies indicated
hat the epitope-tagged protein was associated with mi-
rosomal membranes (Fig. 3A, lane 3) and that protein-
se K again yielded a major product of ;15 kDa as well
s more diffusely migrating bands (Fig. 3A, lane 4). Prior
issolution of the membrane with nonionic detergent,
owever, resulted in more complete digestion (Fig. 3A,
ane 5). Antibody to the hemagglutinin epitope immuno-
recipitated both the full-length protein (Fig. 3B, lanes 1
nd 2) and the proteinase-resistant 15-kDa peptide (Fig.
B, lane 3) from membranes treated with detergent after
roteinase digestion. The latter result confirmed the
dentity of the proteinase-resistant fragment and demon-
trated that the segment 99–117 remained intact after
roteinase digestion. The sizes and relative amounts of
he proteinase digestion products were also similar to
hose of the authentic A17L protein when analyzed on
ricine gels (data not shown).
The failure of proteinase K to efficiently cut between
mino acids 99–117 of either the authentic or epitope
odified A17L protein is readily explained if the segment
s intraluminal, as depicted in the two-transmembrane
odel (Fig. 1C). Nevertheless, even a cytoplasmic loca-
ion, as in the four-transmembrane model (Fig. 1C),
ould not necessarily ensure susceptibility to proteinase
igestion in the absence of detergent.
ffects of deletions of hydrophobic domains on the
embrane topology of the A17L protein
To obtain further information regarding membrane to-
ology, we made a set of plasmids encoding the A17L
RF with deletions of one to three of the four hydropho-
ic domains (Fig. 4) adjacent to a bacteriophage T7
romoter and expressed them in a coupled transcription/
ranslation system in the presence or absence of MM.
ecause glycosyltransferases are intraluminal, we con-
idered that the single potential glycosylation site at
mino acids 169–171 (Fig. 1) could serve as a reporter for
he location of the C-terminal domain. The site was not
lycosylated when the full-length A17L protein was ex-
ressed, consistent with a cytoplasmic location (Fig. 2).
Not all transmembrane domains are capable of initi-
ting membrane insertion. To determine whether domain
was capable, hydrophobic domains 2, 3, and 4 were
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351VACCINIA VIRUS ENV PROTEIN MEMBRANE TOPOLOGYeleted (Fig. 4; D81–161). In the absence of MM, the
ranslation product of mutant D81–161 migrated as a
oublet of ;14 kDa recognized by the C-terminal peptide
ntibody (Fig. 5A, lane 1). An additional diffuse protein
and of decreased mobility was formed when translation
ccurred in the presence of MM. The diffuse band was
ound with the membrane-associated protein (Fig. 5A,
ane 2) but not in the supernatant fraction (Fig. 5A, lane 3)
nd was sensitive to Endo F/PNGase F in a nonionic
etergent (Fig. 5A, lane 4), indicating that it was glyco-
ylated. The calculated mass difference of ;2.5 kDa
orresponded to one high mannose core. The proximity
f the glycosylation site (amino acids 169–171) to the
ransmembrane segment (Fig. 4) may have contributed to
he low efficiency of glycosylation. No 35S-methionine-
abeled products were detected after proteinase diges-
ion of the membranes (data not shown), evidently be-
ause all methionine residues are present in the N-
erminal segment preceding the first hydrophobic
omain, which is cytoplasmically oriented. We concluded
hat the first hydrophobic domain is capable of initiating
he translocation process.
The second deletion mutant, D116–161 with hydropho-
ic domains 3 and 4 deleted (Fig. 4), was constructed to
etermine whether the second hydrophobic domain
ould act as a stop-transfer membrane anchor or would
FIG. 3. Analysis of the transcription/translation products of the A17L
bsence (A, lane 1; B, lane 1) or presence (A, lanes 2–5; B, lanes 2–4) o
nd the supernatant (A, lane 2) or pellet (A, lanes 3–5; B, lanes 2–
bbreviations are as in the legend to Fig. 2. (A) Treated translatio
mmunoprecipitated with antibody to the HA epitope tag. An autoradiog
ight (A) or left (B). T refers to total protein from a reaction mixture c
embrane-associated fractions recovered after centrifugation of reacte pulled through the membrane channel bringing the t-terminus into the lumen. Only in the latter case would
lycosylation occur. In the absence of MM, a protein of
16 kDa was synthesized (Fig. 5B, lane 1), whereas in
he presence of MM, some of the protein migrated more
lowly with an apparent mass of 18.5 kDa. The latter was
embrane associated (Fig. 5B, lane 3), absent from the
upernatant fraction (Fig. 5B, lane 2), and sensitive to
ndo F/PNGase F in nonionic detergent (Fig. 5B, lane 4),
ndicating glycosylation of the C-terminus in the lumen.
fter proteinase digestion, a resistant fragment of ;8
Da was detected (Fig. 5B, lane 5), which is smaller than
he 11 kDa predicted if the second hydrophobic domain
nd the C-terminal peptide were protected but much
arger than the 1.8-kDa fragment that would be protected
f the second hydrophobic domain was membrane span-
ing. The peptide was not detected when proteinase
igestion was carried out in the presence of detergent
Fig. 5B, lane 6). Therefore, the second transmembrane
omain did not act as a strong stop-transfer domain
onsistent with the membrane spanning of only the first
nd fourth hydrophobic segments.
Because the C-terminal segment of the A17L protein
as intraluminal when the first two hydrophobic domains
ere present, we determined whether the third hydro-
hobic domain would serve as a stop-transfer signal or
ould be pulled through the membrane channel. Only in
ntaining an internal HA epitope tag. Translation was performed in the
After translation in the presence of MM, the mixture was sedimented,
tions were analyzed. Treatments, amounts of protein analyzed, and
ucts were analyzed directly. (B) Treated translation products were
shown with the positions of standard mass markers indicated to the
out in the absence of MM. S and M-A refer to the supernatant and
rried out with MM, respectively.ORF co
f MM.
4) frac
n prod
raph is
arriedhe latter case would the protein be glycosylated. There-
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352 BETAKOVA, WOLFFE, AND MOSSore, a third deletion mutant, D138–161, with the fourth
ydrophobic domain deleted, was tested (Fig. 4). A 21-
Da protein was detected in the absence of MM (Fig. 5C,
ane 1), and an additional 24-kDa form occurred in the
resence of MM. The latter was present in the mem-
rane-associated fraction (Fig. 5C, lane 3) but not in the
upernatant (Fig. 5C, lane 2) and was sensitive to Endo
/PNGase F in nonionic detergent (Fig. 5C, lane 4), con-
irming that the additional mass was due to glycosyla-
ion. In addition, the proteinase-resistant fragment was
13 kDa (Fig. 5C, lane 5), as expected if all of the protein
xcept for the N-terminal domain were membrane pro-
ected. This fragment was not detected, however, when
igestion was carried out in the presence of detergent
Fig. 5C, lane 6). Again, the data are consistent with a
odel in which the first and fourth hydrophobic domains
re membrane spanning.
Another mutant, D116–138, with the third hydrophobic
omain deleted (Fig. 4), was analyzed. In this case, we
redicted that the first and fourth hydrophobic domains
ould be membrane spanning, that the C-terminal would
e cytoplasmic and unglycosylated, and that the protein-
se-resistant fragment would be 8.5 kDa. However, if the
ourth hydrophobic domain is not a stop-transfer se-
uence, then the C-terminus would be glycosylated and
FIG. 4. Diagram of wild-type and mutated forms of the A17L ORF use
17L ORF, and the other lines represent ORFs with deletions indicat
ydrophobic domains. The first and last amino acids of each hydrophob
nd deleted portions of the ORF, respectively. The asterisks, at aminohe proteinase-resistant fragment would be 13 kDa. A flight amount of glycosylation (Fig. 5D, lanes 3 and 4)
nd a proteinase-resistant band of ;14 kDa (Fig. 5D,
ane 5) were detected. The latter was susceptible to
urther proteinase digestion in the presence of detergent
Fig. 5D, lane 6).These data suggested that the translo-
ation of the fourth hydrophobic domain may be less
fficient in the absence of the third hydrophobic domain.
To further investigate the membrane topology of the
17L protein, we constructed mutant D61–80 with the
irst hydrophobic domain deleted (Fig.4). We considered
everal alternative outcomes. Although the second hy-
rophobic domain was not membrane spanning when it
ollowed the first hydrophobic domain, there was a pos-
ibility that it could initiate translocation if it were N-
erminal. If that occurred and the third and fourth hydro-
hobic domains were non-membrane spanning and
embrane spanning, respectively, then the C-terminal
eptide would be cytoplasmic and unglycosylated and
he proteinase-resistant fragment would be 9.2 kDa. Al-
ernatively, if translocation was initiated by the fourth
ydrophobic domain instead of the second, then two
rientations were possible. If the C-terminal peptide
ere luminal, then the protein could be glycosylated and
he proteinase-resistant fragment would be 7 kDa. If the
-terminal peptide were cytoplasmic, as occurs with the
ranscription/translation studies. The first line represents the complete
he numbers following the D sign. The numbered boxes refer to the
in are indicated below the boxes. Solid and dashed lines refer to intact
1, indicate the potential N-glycosylation site in the A17L ORF.d for t
ed by t
ic domaull-length polypeptide, the protein would be unglycosy-
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353VACCINIA VIRUS ENV PROTEIN MEMBRANE TOPOLOGYated and the proteinase-resistant fragment would be 16
Da. Because we could not detect glycosylation and the
roteinase-resistant band was ;15 kDa (Fig. 5E), the
esult was consistent with the last alternative and with
he model in which the first and fourth hydrophobic
omains are membrane spanning.
In summary, the proteinase data obtained with the
eletion mutants as well as with the full-length protein
est fit a model in which only the first and fourth domains
f the A17L protein are membrane spanning. In addition,
FIG. 5. Analysis of the transcription/translation products of mutated A1
–E and correspond to the diagrams in Fig. 4. (F) Contains the prod
DS–PAGE autoradiograph of mutated A17L protein immunoprecipitated
bsence of MM; lane 2, membrane fraction of reaction carried out in t
he presence of MM; and lane 4, supernatant fraction from reaction ca
n the presence of Nonidet P-40. (B–F) SDS–PAGE autoradiographs of re
ane 2, supernatant fraction from reaction carried out in the presence
f MM; lane 4; as in lane 3 except treated with Endo F/PNGase F in the
; and lane 5, as in lane 3 except treated with Triton X-100 and proteihe majority of the glycosylation data fit this model. In wome cases, incomplete glycosylation could be attrib-
ted to the proximity of the site to a transmembrane
egment or other features of the neighboring sequence,
ut the presence of molecules with alternative topolo-
ies could not be ruled out.
reation of a new glycosylation site
ithin the A17L protein
To further investigate the topology of the A17L protein,
Fs. The portions of the A17L ORF that were deleted are indicated above
ained with a full-length A17L ORF with an Leu93-to-Asn mutation. (A)
-terminal peptide antibody from lane 1, total reaction carried out in the
ence of MM; lane 3, supernatant fraction from reaction carried out in
ut in the presence of MM and digested with Endo F/PNGase F (PNG)
products from: lane 1, total reaction carried out in the absence of MM;
lane 3, membrane fraction from reaction carried out in the presence
ce of Nonidet P-40; lane 5, as in lane 3 except treated with proteinase
. T, S, and M-A were defined in the legends to Fig. 2 or 3.7L OR
uct obt
with C
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rried o
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of MM;
presene introduced new glycosylation sites into the second or
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354 BETAKOVA, WOLFFE, AND MOSShird hydrophobic domain or into the segment between
he second and third hydrophobic domains that were
redicted to be intraluminal according to the two-trans-
embrane model (Fig. 1). Mutated proteins in which the
ew glycosylation sites were at amino acids 102, 113, or
24 were not glycosylated even when Cys121 was
hanged to Ser to avoid the possibility of an interfering
isulfide bond (data not shown). However, the mutated
rotein in which Leu at position 93 was changed to Asn
as glycosylated. Without MM, the mutated protein had
he same apparent mass as the authentic A17L protein
Fig. 5F, lane 1). In the presence of MM, a slower mobility
orm of the membrane-associated protein was detected
Fig. 5F, lane 3). The slow mobility form was not present
n the supernatant (Fig. 5F, lane 2) and was eliminated by
ndo F/PNGase F treatment in the presence of nonionic
etergent (Fig. 5F, lane 4), confirming glycosylation of the
utated membrane protein. The presence of a Pro at
osition 92 as well as the proximity of the site to the
embrane could contribute to inefficient glycosylation.
fter proteinase digestion, a 15-kDa band was detected,
ndicating that the membrane topology of the protein had
ot been altered by the mutation.
DISCUSSION
Electron microscopic studies indicated that both the
- and C-terminal ends of the A17L protein are on the
oncave, cytoplasmic side of immature viral membranes
Krijnse-Locker et al., 1996; Wolffe et al., 1996). The in-
bility to generate antibodies to other portions of the very
ydrophobic A17L protein has prevented further topolog-
cal analysis by in vivo methods. In the present study, we
sed a coupled translation/translocation approach that
as been validated with other membrane proteins (Blo-
el and Dobberstein, 1975; Zhang et al., 1993; Zhang and
ing, 1991) to analyze the topology of the A17L protein.
roteinase digestion experiments confirmed the cyto-
lasmic orientation of the N- and C- terminal ends. These
esults were consistent with a topology in which the
17L protein crossed the membrane an even number of
imes in agreement with a secondary structure predic-
ion of four a-helical transmembrane domains. Neverthe-
ess, the putative 19-amino-acid cytoplasmic loop be-
ween the second and third transmembrane domains
as resistant to proteinase digestion, as might be ex-
ected if it were intraluminal. Moreover, this segment
as still resistant to proteinase digestion when another
equence was substituted for the original one, raising
he possibility that it was not cytoplasmic or was too
lose to the membrane for proteinase access. We there-
ore carried out a systematic analysis to determine the
ffects of deleting one to three of the hydrophobic do-
ains. In addition to determining the sizes of proteinase-
esistant products, advantage was taken of the presence
f a potential N-glycosylation site near the C-terminus of she A17L protein. Because of the intraluminal location of
lycosyltransferases, this sequence served as a reporter
or intraluminal or cytoplasmic orientation. We found that
he C-terminus was glycosylated on deletion of the sec-
nd, third, and fourth domains, the third and fourth do-
ains, or the fourth domain alone. Glycosylation, al-
hough inefficient, also occurred when a new glycosyla-
ion site was introduced into the second hydrophobic
omain. Taken together, the proteinase and glycosyla-
ion data supported a predominant topology in which the
irst and fourth hydrophobic domains were membrane
panning and the second and third domains were in-
raluminal. This orientation may have been favored be-
ause of the small number of amino acids between the
irst and second and the third and fourth hydrophobic
egments. There should be no prima facie objection to
his model because luminal passage of hydrophobic
egments frequently occurs with viral fusion proteins
Borel and Simon, 1996). Nevertheless, some A17L mol-
cules may have adopted the alternative four-transmem-
rane topology, accounting for the detection of some
mall proteinase digestion products and lower-than-ex-
ected glycosylation. This would not be unprecedented
ecause other membrane proteins have been shown to
xist in two-membrane orientations (Zhang and Ling,
991; Zhang et al., 1993).
The implications of the four- and two-transmembrane
odels are very different with regard to potential trans-
embrane and intraluminal interactions of the A17L pro-
ein. In the four-transmembrane model, there would be
xtensive opportunity for interactions within the mem-
rane but the intraluminal segments are only a few
mino acids long. By contrast, in the two-transmembrane
odel, the central region composing the second and
hird hydrophobic domains and the intervening loop
ould be available to interact in the lumen. Although the
17L protein is known to interact with itself to form a
imer and with the A27L and A14L proteins (Rodriguez et
l., 1993, 1997), the sites of interactions have not been
etermined. The vectors encoding mutated forms of the
17L gene may be useful to analyze protein–protein
nteractions.
MATERIALS AND METHODS
lasmid constructions
The A17L ORF was amplified by polymerase chain
eaction, cloned into the plasmid vector pSG5 (Strat-
gene, La Jolla, CA) to form pSG5A17Lm and mutated
sing the Seamless Cloning Kit (Stratagene). Plasmids
ere purified with the Wizard Plus Minipreps DNA puri-
ication system (Promega, Madison, WI).
ranscription/translation
Plasmids were transcribed and translated in a coupled
ystem (TNT T7 Quick Coupled Transcription/Translation
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355VACCINIA VIRUS ENV PROTEIN MEMBRANE TOPOLOGYystem; Promega) in a 10-ml volume without membranes
r in a 40-ml volume plus 0.5–2.0 ml of canine pancreatic
M according to the Promega technical manual. For
ach lot, the optimal amount of MM was determined
mpirically. After the reaction, a 10-ml portion of the
ixture was centrifuged, and the membrane pellet was
ncubated with Na2CO3 (pH 11) to remove loosely bound
roteins, washed as previously described (Zhang and
ing, 1991), and resuspended in 10 ml. The samples for
AGE consisted of 0.5 ml of the total reaction without
embranes, 1.5 ml of the supernatant after pelleting
embranes, and 5 ml of the washed membranes.
Treatment with Endo F/PNGase F (Oxford GlycoSys-
em, UK) in buffer containing 1% Nonidet P-40 detergent
as for 3 h at 37°C. The reaction was stopped by the
ddition of electrophoresis sample buffer. Proteinase K
200 mg/ml in PBS) was used to digest membranes that
ad been washed with PBS instead of Na2CO3 for 2 min
t room temperature. The reaction was stopped by add-
ng leupeptin and phenylmethylsulfonyl fluoride to final
oncentrations of 3 and 20 mM, respectively.
DS–PAGE analysis
SDS–PAGE was performed as described previously
Laemmli, 1970), and the 15% gels were fixed and treated
ith Amplify (Amersham) before exposure to BioMax MS
ilm (Kodak) at 270°C. The masses of viral proteins were
stimated using standard protein markers (Amersham).
mmunoprecipitation
Rabbit antibodies were raised against N- (Betakova et
l., 1999) and C- (Wolffe et al., 1995) terminal A17L pep-
ides. Membranes were collected, washed, and incu-
ated with 1% Nonidet P-40 as described above. Anti-
ody binding was carried out in 0.1 mM EDTA, 10 mM
gCl2, 0.1 M NaCl, 10% glycerol, and 10 mM Tris–HCl, pH
.8, and rotated overnight at 4°C. A 0.1-ml portion of 10%
rotein A–Sepharose (Pharmacia, Piscataway, NJ), which
ad been washed in binding buffer, was added to each
ample and incubated for 2 h as described above. The
eads were washed three times in 0.3 M NaCl, 50 mM
ris–HCl, pH 8.0, 1% Triton X-100 and twice in PBS. The
eads were resuspended in electrophoresis sample
uffer, and the dissociated proteins were analyzed by
DS–PAGE.
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